We present a simplified setup for the generation and electro-optic sampling of terahertz pulses employing a nonamplified pump source and a single ZnTe crystal, which is simultaneously used for generation and detection. The setup is characterized, and first steps of its application for gas-phase spectroscopy are presented.
Recently, terahertz ͑THz͒ time-domain spectroscopy has attracted significant interest owing to the increased availability, brightness, and spectral range of generation and detection systems. Several groups developed a wide range of techniques for applications, including imaging 1,2 , ranging 3 , chemical analysis 4 , investigation of charge carrier dynamics 5, 6 , etc. The realization of such techniques outside highly specialized research labs requires a simple scheme for THz pulse generation and detection that utilizes as few costly and space-consuming components as possible. This manuscript outlines a novel concept for THz pulse generation and conscious detection of this scheme.
In contrast to common setups for the electro-optic sampling of THz pulses 7 , which separate generation and detection spatially and temporally, this setup uses only one ZnTe crystal for both tasks, thereby avoiding the need for a detection beam and reducing the amount of optical components required by a factor of two. Figure 1 shows how the pulse-train from a Ti:Sa oscillator ͑22 fs, 450 mW at 80 MHz, 790 nm, horizontal polarization͒ is focused through a small hole in the center of a parabolic mirror onto a ZnTe crystal ͑Superconix, ͓110͔ cut, 5 ϫ 5 ϫ 0.5 mm͒. Here, optical rectification creates THz radiation, which is subsequently collimated by a parabolic mirror ͑all parabolic mirrors f ϭ 110 mm, d ϭ 56 mm with small center hole, Ni-plated Al͒. Collinearly propagating pump light is removed by use of a black foil filter. After Х1.5 m of propagation, a second parabolic mirror creates a focus for spectroscopic applications and chopping at 950 Hz. In an entirely symmetric setup, the THz pulse is then brought back to its point of generation in the ZnTe crystal. Here it turns the plane of polarization of the successive generation pulse. This is detected with a set of orthogonal polarizers before and after the parabolic mirrors. An unbiased photodiode is sufficient to capture the transmitted light.
To assure coincidence at the ZnTe crystal between the THz pulse after the loop across the cavity and the next-generation pulse, the length of the THz cavity has to match the length of the femtosecond oscillator ͑or any integer or fraction of it͒. Then every THz pulse is sampled with a successive generation pulse. THz waveforms are measured through a scanning of the length of the cavity with a translation stage supporting the parabolic end mirrors ͑left in Fig. 1͒ . Figure 2 shows a THz trace thus acquired. A clean waveform with excellent signal-to-noise ratio can be obtained in dry nitrogen. The three equally spaced groups of peaks correspond to no, double, and quadruple reflection of the THz pulse in the ZnTe crystal. Their separation corresponds to twice the optical thickness of the ZnTe crystal. This "ringing" is similarly present in the conventional scheme of electro-optic sampling of THz waveforms. Effects of multiple beam passes through the cavity are not directly visible in the first peak, as the signal from a single cycle dominates the pulse shape. However, if the pulse performs one internal reflection cycle in the ZnTe crystal and two cycles across the cavity, each of the cycles across the cavity needs to compensate only for half of the effect of the internal reflection. This effect causes the minor group of peaks found between the first and the second main group. The inset clearly shows the apparently doubled oscillation frequency of this pulse, which is caused by the repeated effect of the cavity-length scanning in the case of two cavity cycles. It verifies the concept of multiple passes of the THz beam through the cavity. Fourier transformation of the indicated waveform shows spectral weight exceeding the 3-THz limit of ZnTe, which is in further support of the occurrence of multiple-cavity cycles ͑Fig. 3͒. Comparison of the pulse amplitude of Fig. 2 shows a Q factor of the cavity of 0.1. This may be improved significantly through a reduction of the cavity length and, more importantly, by antireflection coating of the ZnTe crystal ͑reflectivity for THz radiation is almost 50%!͒. It should be noted that the observed "ringing" ͑i.e., apparent multiple peaks͒ is common to all methods using electro-optic sampling and not specific to the setup presented here.
For a better understanding of the properties of the cavity and the effect of the crystal orientation on the generated pulse, the THz generation and detection process is best described in an operator notation. Here, g refers to the generation pulse and E gen is the THz generation operator representing the optical rectification͞difference-frequency-generation process in ZnTe͑011͒.
Then the electrical field of the generated THz pulse E THz is given by
with ⌰ g the angle of rotation between the polarization of g and the ͓100͔ direction on the ͑011͒ surface of the ZnTe crystal assuming normal incidence. 8 d 14 is the second-order nonlinear coefficient of ZnTe. If desired, g can be written as a wave package in order to include the shape and propagation of the generation pulse. When the ZnTe crystal is rotated around the optical propagation direction, the direction of polarization and the amplitude of the resultant THz pulse change as shown in the polar diagram ͑Fig. 4͒. We The third ͑fourth͒ feature correspond to a single passage through the cavity and two ͑four͒ internal reflections in the ZnTe crystal. The second pulse, which is enlarged in the inset, represents the signal retarded by one cycle in the ZnTe crystal and measured after two cavity cycles. It is contracted by a factor of two with respect to the other features, which is caused by the repeated impact of cavity length shortening in two cavity cycles. Similar effects render the main pulse sharper than the third and fourth one. The circle indicates the signal for a triple pass through the cavity at only a single pass through the crystal, which can be caused by a reflection on the outside surface of the ZnTe crystal. would like to point out the intricate shape of the orbit and the elliptic shape of the outer boundary. During propagation across the cavity, a rotation R and a polarization-dependent attenuation A can be induced that result in an electrical field E THz_prop at detection.
The a x,y indicate the attenuation in x and y direction, respectively ͑with the beam propagating in the z direction͒, and is the angle of rotation. The Pockels effect associated with this electric field modifies the optical density of the detection crystal. The index ellipse in the ͑110͒ plane of ZnTe is defined by Eq͑3͒, in which E xd,yd are the components of the electrical field applied:
Here the subscript d indicates the detection crystal coordinate system ͑x ͓001͔͒, n is the isotropic index of refraction of unbiased ZnTe, and r 41 is its linear electro-optic coefficient. This corresponds to an index ellipse rotated by an angle ␣ from the ͓001͔ direction and a difference between the long and short axis of ␦ ͓ε stands for ͑E xd 2 ϩ 4E yd
For conventional electro-optic sampling with independent generation and detection crystals, this results in the dependence of the obtained signal on the rotation of the generation crystal, as shown in the top of Fig. 5 . In the presented setup, the generation and the detection crystal are identical, and thus there is only one relevant angle. Turning around it results in the THz intensity shown in the middle plot. To test the validity of our approach, we also measured a turning curve for a cavity, in which the axis of polarization of the THz pulse is rotated by 90°. We achieved this by placing a flat mirror underneath the first parabolic mirror on the translation stage. The first collimating mirror of the cavity was aligned to pass the beam onto the flat mirror, which reflects the beam upwards into the parabolic mirror also placed on the translation stage. The focal point and exit direction of this mirror is not changed with respect to the original setup. In this setup, the bottom turning curve results. All traces were normalized for display. In the last case, a slight misalignments of the ZnTe͑110͒ surface out of the propagation direction of the generation beam renders the match between theory and experiment less perfect than for the conventional case. If it is included a better match is achieved, which is, however, omitted here in order to avoid lengthy equations. This system has been applied to the simplest sample possible: high-humidity air produced by combustion of an acetylene-oxygen mixture in an open flame in air. Figure 6 shows a section of the transmission spectrum obtained by Fourier transformation of the main pulse. The water lines found are in Fig. 4 . Polar diagram of the dependence of the THz field direction and strength on the orientation of the ZnTe crystal normal to the pump pulse. All indicated angles refer to rotations between the ͓001͔ direction of the ZnTe ͑110͒ surface and the polarization of the incoming light, which is assumed to be parallel to the abscissa. good agreement with those published in the literature; 9 a number of the strongest were annotated. Additional lines are apparent, which may result from a broad range of combustion products. Additionally, if the beam is focused directly into the flame ͑1-cm thickness͒ positioned at the focal point on the translation stage ͑gray curve in Fig. 6͒ , rotational transitions of vibrationally excited water become apparent ͑assignments annotated with *͒, quite similar to previous results 10 obtained with a system based on photoconductive pulse detection.
The results appear as promising first steps toward the realization of a cavity-based spectroscopic system, if the reflectivity of the used ZnTe crystal can be reduced significantly. Future work will address the applicability of several types of coatings. The signal-to-noise ratio of the first feature of Fig. 2 is identical ͓i.e., within day-to-day variations ͑humidity in lab, etc.͔͒ to what we obtain using the conventional setup, which requires twice as many components. In both cases, the major sources of noise are pump power fluctuations and the frequency jitter of the mechanical chopper. Nonlinearities of the translation stage are the major limitation of the quality of the fourier transform, again similar to the conventional setup. The fourier components of the signal beyond the 3-THz cutoff of ZnTe ͑Fig. 3͒ contain information about the absorption of THz radiation of half the apparent frequency; the cavity setup cannot surpass the 3-THz cutoff of ZnTe any more than the conventional setup.
The nature of the proposed setup to probe the beam after multiple passes through the sample volume renders it especially suitable for the study of lowabsorption samples, where a single passage through the sample volume might not provide enough absorption. In the conventional setup, a large number of mirrors would be required in order to set up a multipass sample cell. This is not the case for the proposed cavity setup. It shall be pointed out that it is possible to reduce the cavity length by any integer factor n. Then every successive generation pulses samples the THz pulse after n cycles in the cavity. Commercial femtosecond oscillators are becoming more and more readily available. These systems tend to have a smaller cavity length than researchstyle setups, which allows for shorter THz cavities in the presented setup. Ultimately, these advancements will culminate in a coherent and spectrally broad version of cavity ringdown spectroscopy in the THz-frequency range.
In summary, a simplified scheme for time-resolved THz ͑far-infrared͒ spectroscopy is presented and characterized. This system requires but a single ZnTe crystal used simultaneously for pulse generation and electro-optic sampling.
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